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Abstract

The construction sector significantly contributes to global carbon 
emissions, largely due to the widespread use of Ordinary Portland 
Cement (OPC). This study investigates fly ash, ground granulated 
blast furnace slag (GGBFS), and calcium carbide residue (CCR) as 
sustainable precursors for one-part alkali-activated binders. Paste 
and mortar specimens were prepared using a single activator 
comprising 4% sodium hydroxide by precursor weight, with CCR 
incorporated as both an additive and partial replacement at 
dosages of 0-10%. The results show that a CCR content of 2.5% 
yields an optimal mechanical performance in GGBFS-based and 
fly ash–GGBFS blended systems. The effects of ambient and heat 
curing at 60 °C on geopolymerization and strength development 
were evaluated. Microstructural analyses using SEM and XRD 
confirmed the formation of C-S-H and C-A-S-H gels, which supports 
the strength trends observed. Overall, the study demonstrates 
that CCR can serve as an effective, low-cost auxiliary activator, 
which enables the development of sustainable and low-carbon 
construction materials while offering environmental, social, and 
economic benefits. 
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1 INTRODUCTION

Rapid population growth and the development of accelerated 
infrastructure have significantly increased the demand for 
construction materials, particularly concrete. Global concrete 
consumption is projected to reach approximately 18 billion 
tonnes annually by 2050, which places immense pressure on 
natural resources and the environment (Silva et al., 2020). 
As ordinary Portland cement (OPC) is the primary binding 
constituent of concrete, its production is associated with 
substantial energy consumption and greenhouse gas emissions. 
The cement industry alone accounts for nearly 5-7% of global 
energy use and contributes approximately one tonne of carbon 
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dioxide (CO2) for every tonne of cement produced (Ahmed et 
al., 2021; Turner & Collins, 2013). 

In response to these environmental concerns, extensive 
research has focused on developing sustainable alternatives 
to OPC without compromising mechanical and durability 
performances (Kanagaraj et al., 2023; Y. Li et al., 2021). 
Alkali-activated materials (AAMs), commonly referred to as 
geopolymer concretes, have emerged as promising low-carbon 
binders. Introduced by (Davidovits, 2002), geopolymers are 
synthesized through the alkaline activation of aluminosilicate-
rich materials such as fly ash, ground granulated blast furnace 
slag (GGBFS), metakaolin, and other industrial by-products. 	
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Conventional geopolymer systems typically rely on two-part 
alkaline activators that combine hydroxides and silicates. While 
effective, these systems are often expensive, energy-intensive, 
and hazardous to handle. One-part geopolymer systems, on the 
other hand, employ solid or simplified activators that require 
only the addition of water, thereby improving practicality 
and safety (Neupane, 2022). Developing cost-effective, user-
friendly one-part systems using industrial waste, is therefore 
critical for large-scale adoption.

Fly ash is a finely divided residue resulting from the 
combustion of coal, which is widely used as supplementary 
cementitious materials in concrete. Developing nations such 
as India and China are currently contributing approximately 
45% of total coal consumption and that amount is expected 
to increase by 3 times by 2030 (Mishra et al., 2023). In India, 
the majority of power is produced by thermal power plants 
which use low-grade Indian coal that results in 30-45% of ash 
content. In the year 2022-23, the annual production of fly ash 
in India was 275.97 million tonnes (Naskar & Sharma, 2025). 
Thus, the judicious use of ash produced in large quantities 
is essential. GGBFS or slag is a waste generated during the 
manufacturing process of pig iron and steel. The molten slag 
is quenched using high-pressure jets to generate granulated 
slag, which has a glassy structure. The slag is then crushed, 
pulverized, and screened for use in a variety of applications, 
most notably in the manufacturing of OPC due to its pozzolanic 
properties. 

Calcium carbide residue (CCR) is an industrial waste of 
the acetylene gas industry (Jaturapitakkul & Roongreung, 
2003). Generally, 64 g of calcium carbide provides 26 g of 
acetylene gas and 74 g of CCR residue in terms of calcium 
hydroxide (Ca(OH)2). Therefore, a huge amount of CCR is 
produced in the production of acetylene gas. CCR mainly 
consists of Ca(OH)2, which is obtained in slurry form of a high 

basic nature. Locally available CCR is disposed of in landfills 
as shown in Figure 1. According to one of the estimates, 
only 55% of CCR is utilised, while the rest is disposed of as 
landfill (Chanda & Thakkar, 2022; Horpibulsuk et al., 2013; 
Julphunthong et al., 2024). The chemical reaction for the 
formation of CCR is as follows:

CaC2 + 2H2O  → C2H2 + Ca(OH)2 (1)

(Hanjitsuwan et al., 2018) found that the compressive 
strength of fly ash with CCR in a ratio of 70:30 gave a 
compressive strength of 40MPa at 28 days when activated 
with sodium hydroxide (NaOH) and a silicate combination. 
(Ngernkham et al., 2020) used a combination of high calcium 
fly ash (80%) and CCR (20%) to develop a low-cost repair 
material that uses NaOH and sodium silicate as activators.

In a study done on the geopolymerization process with 
a one part activator using sodium carbonate as an activator 
along with CCR, it was observed that the best combination for 
strength was achieved with 8% sodium carbonate (Na2CO3) 
and 2.5% CCR, which produced the maximum compressive 
strengths of 21.8 MPa at 1 day and 37.7 MPa at 28 days 
(Gao et al., 2021). In another investigation where GGBFS 
was activated with CCR using Na2CO3, it was observed that 
the strength loss percentage varied from 7% to 30% when 
the CCR dosage was varied between 2.5% to 10% (Yang et 
al., 2022). In an investigation on the use of carbide slag or 
CCR as an alternative to hydrated lime and GGBFS, it was 
observed that additional hydration products were formed from 
the rapid hydration due to an excess of Ca(OH)2 in the CCR 
in the GGBFS mix. However, too much CCR increased the 
crystalline Ca(OH)2 in the matrix, which made it weaker. For 
hydrated lime, the ideal ratio of CCR to hydrated lime was 
10% at 7 days and 5% at 28 and 56 days (W. Li & Yi, 2020). 

Fig. 1 Landfill disposal of CCR

yields
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A study explored ways to use fly ash and CCR as binders to 
increase the compressive strength of mortar. The compressive 
strength increased from 15.6 MPa to 26.0 MPa in 90 days 
by increasing the fineness of the binder. Furthermore, it was 
observed that higher curing temperatures increased the mortar's 
compressive strength in its early stages; however, their effects 
decreased over time (Namarak et al., 2017). For improving 
the engineering properties of mortar, (Phetchuay et al., 2014) 
conducted a study to assess the possibility of employing fly 
ash as a precursor. CCR and sodium silicate (Na2SiO3) acted as 
a activator by which CCR helped the dissolution of silicon and 
aluminium from the amorphous phase of fly ash. The highest 
strength of the fly ash CCR-based geopolymer was obtained 
by substituting 15% of the fly ash with CCR. (Amnadnua et 
al., 2013) conducted a study to assess high-strength concrete 
without the use of OPC. The study examined the possibility of 
using ground fly ash and CCR together as a novel cementing 
agent to create high-strength concrete. The results showed 
that even without OPC, the CCR-fly ash blend showed 
great promise as a cementing agent; it obtained compressive 
strengths above 50 MPa, which qualified it for use in high-
strength concrete applications.

1.1 Significance of the Research

Globally, an estimated 35-40 million tonnes of CCR 
are generated annually; however less than 10% is reused 
in engineering applications (Adamu et al., 2021; Zhu et al., 
2022). Its disposal in landfills leads to soil and groundwater 
contamination due to its high alkalinity. Despite its potential, 
the use of CCR as a calcium rich precursor or activator in one-
part geopolymer systems remains limited.

The novelty of this study lies in the combined utilization 
of CCR with fly ash and GGBFS in a one-part alkali-
activated system using NaOH alone as the activator. The 
investigation systematically evaluates CCR as both an 
additive and replacement under different curing regimes, 
while simultaneously assessing environmental, economic, 
and societal sustainability. This approach offers a low-cost, 
scalable, and environmentally responsible alternative to 
conventional cementitious materials.

2  EXPERIMENTAL PROGRAM

2.1 Materials

The non-calcareous fly ash used in this investigation was 
obtained from a local power plant near Ahmedabad, Gujarat, 
India as per IS 3812 specifications (IS 3812: Part 1, 2013). The 
elemental composition of the fly ash included SiO2 + Al2O3 
+ Fe2O3 (93%), CaO (less than 9%), MgO (1.4%), and NaO2 
(0.6%). The loss on ignition was 1.1%.

The GGBFS was procured from Jindal Steel Works, 
Maharashtra, India, and had a significant amount of CaO 
(37%) and SiO2 (36.8%) besides the Al2O3 (10.1%). The 
GGBFS used was white in appearance with 11% retention of a 
45-micron Indian standard sieve.

The CCR was procured from Gujarat Industrial
Development Corporation, near Ahmedabad, Gujarat, India; it 
mainly consisted of CaO (70.8%), SiO2 (6.5%), Al2O3 (2.5%) 
and Fe2O3 (3.3%). The CCR was in a slurry form; to match 
the particle size of the fly ash and GGBFS, it was heated at 
60°C for 24 hours, cooled at an ambient temperature, and 
then pulverized to bring it to powder form. The XRD studies 
showed that the CCR was crystalline where its highest peaks 
were obtained between 19º and 40º. The highest peaks recorded 
were of the calcium and oxygen atoms. Minor elements of 
aluminium, silicon, and sulphur were also seen. Figure 2 
represents its physical appearance; SEM and XRD patterns of 
precursors were used in the investigation.

Table 1 shows the chemical composition of the different 
precursors used while Figure 3 represents the particle size 
distribution curve of the fly ash, GGBFS and CCR. The NaOH 
used in the investigation was in the form of flakes with a 98% 
degree of purity. The flakes were dissolved in tap water in the 
required amount depending upon the molarity (M).

2.2 Design of mix and sample preparation of pastes

This study examines the effect of CCR as a source material 
in one-part geopolymer systems that incorporate two industrial 
by-products, namely, fly ash and GGBFS, both individually 
and in combinations. The effect of two different curing regimes 
on the compressive strength was also evaluated. 

Material 
Properties Color Specific Surface Area SiO2 Al2O3 Fe2O3 CaO LOI

Fly ash Light Grey 416 m2/kg 60.03% 22.67% 8.193% <9% 1.10%

GGBFS White 379 m2/kg 36.80% 10.10% 0.60% 37% 0.60%

CCR White 290 m2/kg 7.27% 2.05% 0.90% 78.66% -

Tab. 1 Chemical composition of the source materials by the XRF analysis
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The CCR was incorporated either as an additional source 
material or as a partial replacement of the fly ash, GGBFS, 
or their combined precursor. One-part activation was achieved 
using NaOH as the sole activator. A total of 200 g of precursor 
material was used in each mix, with CCR dosages of 0, 2.5, 
5, 7.5, and 10% by weight of the source materials. In the 
replacement study, the CCR substituted fly ash, GGBFS, or 

Fig. 2 Characterization of Precursors viz. fly ash, slag and CCR showing physical appearance, SEM image and XRD plots.

their combination at the dosages of 0, 2.5, 5, 7.5, and 10% 
by weight. The NaOH content was fixed at 4% by weight of 
the precursor, and a constant water-to-binder ratio of 0.30 was 
maintained. When the CCR was used as a replacement, both 
the total precursor mass (200 g) and the water content (60 g) 
were kept constant to ensure consistency across all the mixes.

Fig. 3 Particle size distribution of source material
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The paste specimens were prepared by initially dry-mixing 
the precursor materials for 3-4 minutes. The alkaline activator 
was then added, and the mixture was mechanically mixed 
until a homogeneous paste was obtained. The fresh paste 
was cast into cube moulds and allowed to rest for 24 hours. 
Subsequently, six specimens from each mix were subjected 
to ambient curing, while the remaining six specimens were 
oven-cured at 60 °C for 24 hours. After the heat curing, the 
oven-cured specimens were transferred to ambient conditions 
until the designated testing age. The ambient curing involved 
exposure to natural air and sunlight throughout the curing 
period.

For each mix, three specimens were tested under each 
curing regime for 7 days and another three for 28 days, which 
resulted in a total of 12 cubes per mix. The heat curing was 
employed to accelerate the geopolymerization process by 
subjecting the specimens to elevated temperatures during an 
early stage. Typically, after the initial setting, the specimens 
were placed in an oven maintained at 60-90 °C for 24 hours 
and then gradually cooled to room temperature. This curing 
approach promotes the development of rapid strength and is 
particularly advantageous for applications requiring early-age 
strength. Figure 4 illustrates the flow diagram of the materials 
used in the one-part activation process for mortar preparation. 
Figure 5 shows the different paste samples activated with the 
NaOH solution. An evaluation of the compressive strength of 
the paste samples was carried out on the cubes (50 mm × 50 
mm × 50 mm) for both ambient and heat curing conditions for 
7 and 28 days.

Fig. 4 Process of one-part activation

Fig. 5 Paste sample under ambient curing

2.3 Design of mix and sample preparation of mortar

For the preparation of the mortar specimens, fine aggregates 
from three grading zones (Grades I, II, and III) were used in 
equal proportions with the precursor material to maintain 
a binder-to-fine aggregate ratio of 1:3. After achieving a 
homogeneous dry mix, the NaOH solution was added, and 
the mixture was blended in a mortar mixer at progressively 
increasing speeds for a total duration of 120 seconds.

Mortar cube specimens measuring 70.6 mm × 70.6 mm 
× 70.6 mm were cast, and the moulds were greased before 
casting. After casting, the moulds were placed on a mechanical 
vibrator to ensure proper compaction. The specimens were 
then kept under ambient conditions for an initial resting period 
of 24 hours. Following demoulding, the mortar cubes were 
cured under ambient conditions for 7 and 28 days.

Compressive strength tests were conducted using a 
compression testing machine with a loading capacity of 
3000 kN; a constant loading rate of 0.3 kN/cm2 was applied. 
Mixes designated as Mor1 and Mor2, which corresponded to 
the optimum CCR dosages, were incorporated with fly ash 
alone and GGBFS alone, respectively. The mixes labeled 
Mor3 to Mor7 represent mortar specimens containing CCR in 
combinations with fly ash and GGBFS.

BUILDING A GREENER FUTURE: TRANSFORMING INDUSTRIAL WASTE...



62

Vol. 34, 2026, No. 1, 57– 71

3  RESULTS AND DISCUSSIONS

3.1 Setting Time

The fly ash CCR-based geopolymer paste had a prolonged 
setting time; it required more than 10 hours to initiate hardening. 
In contrast, the pastes incorporating GGBFS and CCR showed 
rapid setting; however, surface microcracking was observed, 
primarily due to shrinkage effects. When a ternary blend of fly 
ash, GGBFS, and CCR was activated using a NaOH solution, 
the setting time was significantly reduced to approximately 30 
minutes, which is comparable to that of OPC. This indicates 
that the combined use of CCR with fly ash and GGBFS results 
in an optimal setting behavior when activated with NaOH.

3.2 Compressive strength of fly ash pastes with CCR

The compressive strength of the fly ash-based geopolymer 
pastes increased with increasing the CCR content under 
both ambient and oven-dry curing conditions. At 7 days, the 
compressive strength increased from 3.6 to 5.1 MPa under 
ambient curing and from 4.4 to 6.3 MPa under oven curing as 
the CCR content increased from 0% to 15%. Similarly, at 28 
days, their strength increased from 5.9 to 7.9 MPa and from 6.0 
to 9.1 MPa under ambient and oven-dry curing, respectively. 
The CCR contents exceeding 15% resulted in a reduction in 
compressive strength under both curing regimes. 

The strength enhancement observed is attributed to the 
presence of CaO in CCR, which contributed to additional 
binding phases under both curing conditions. Figure 6 
illustrates the development of strength at 7 and 28 days for the 
ambient and oven-dry curing regimes. As shown in Figure 6, 

the Mix 4 which contained 7.5% CCR and fly ash, achieved 
the highest compressive strength, primarily due to the 
formation of calcium-alumino-silicate-hydrate (C-A-S-H) gel 
(Gao et al., 2021). A reduction in strength was observed when 
the CCR content was increased to 20%, which was consistent 
with previous findings (Ngernkham et al., 2020). This loss of 
strength is attributed to the excessive formation of the C-S-H 
and C-A-S-H phases, which led to rapid chemical reactions 
between the free Ca(OH)2 and CaO from the CCR and the 
reactive silica and alumina in the fly ash. Such accelerated 
reactions may hinder complete geopolymerization, thereby 
resulting in a less compact matrix and reduced strength 
development.

When the fly ash was partially replaced with the CCR 
at levels ranging from 0 to 10% and activated using NaOH, 
the highest compressive strength was achieved at a CCR 
replacement level of 7.5%. At this dosage, compressive 
strengths of 5.9 MPa and 6.7 MPa were obtained at 7 and 28 
days, respectively, under ambient curing, while corresponding 
strengths of 6.4 MPa and 8.3 MPa were recorded under 
the oven-dry curing. Figure 7 illustrates the development 
of strength under both curing regimes for varying CCR 
replacement levels.

Geopolymerization in fly ash-based systems is inherently 
slow due to the low reactivity of fly ash. The incorporation 
of the CCR enhanced the compressive strength by supplying 
CaO, which promoted the formation of sodium-calcium-
alumino-silicate-hydrate (Na-C-A-S-H) gel. However, at 
higher CCR replacement levels, the excessive liberation of 
Ca(OH)2 likely increased the matrix porosity, which resulted 
in reduced compressive strength.

Fig. 6 Compressive strength of fly ash pastes with the addition of CCR at ambient and oven dry curing, respectively
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3.3 Compressive strength of GGBFS pastes with CCR

The optimum dosage of CCR with GGBFS was 2.5%, 
which achieved a compressive strength of 20.2 MPa and 28 

Fig. 7 Compressive strength of fly ash pastes with the addition of CCR at ambient and oven dry curing, respectively

Fig. 8 Compressive strength of GGBFS pastes with CCR replacement at ambient and oven dry curing, respectively

MPa at 7 days and 22.5 MPa and 32.7 MPa at 28 days, under 
ambient and oven curing conditions respectively as shown in 
Figure 8.

BUILDING A GREENER FUTURE: TRANSFORMING INDUSTRIAL WASTE...
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When the CCR was used as a partial replacement for the 
GGBFS at levels ranging from 0 to 10% in increments of 
2.5%, an optimal CCR dosage of 5% was identified. At this 
replacement level, compressive strengths of 27.6 MPa and 
29.7 MPa at 7 days, and 31.5 MPa and 30.7 MPa at 28 days 
were achieved under ambient and oven-dry curing conditions, 
respectively, as illustrated in Figure 9.

The GGBFS-rich mixtures exhibited surface microcracking, 
which became more pronounced with the increasing CCR 
content. As both GGBFS and CCR are rich in CaO, the higher 
CCR dosages reduced their workability and intensified their 
shrinkage-related effects, thereby adversely affecting their 
compressive strength (Amnadnua et al., 2013).

Fig. 9 Compressive strength of GGBFS pastes with CCR replacement at ambient and oven dry curing, respectively

3.4 Compressive strength of fly ash-GGBFS pastes 
with CCR

When the fly ash and GGBFS were combined in equal 
proportions and activated with a NaOH solution containing 
varying CCR dosages, improvements in workability, setting 

times, and compressive strength were observed. The highest 
compressive strength was achieved at a CCR dosage of 
2.5%. Under ambient curing, strengths of 25.6 MPa and 34.1 
MPa were recorded at 7 and 28 days, respectively, while 
corresponding values of 27.3 MPa and 32.1 MPa were obtained 
under oven-dry curing, as shown in Figure 10.

Fig. 10 Compressive strength of fly ash-GGBFS pastes with the addition of CCR at ambient and oven dry curing, respectively

BUILDING A GREENER FUTURE: TRANSFORMING INDUSTRIAL WASTE...
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When the CCR was used as a partial replacement for 
the combined fly ash-GGBFS precursor, the maximum 
compressive strength occurred at a CCR replacement level of 
5% under both curing regimes. Strengths of 18.1 MPa and 29.8 
MPa were obtained at 7 and 28 days under ambient curing, 
while the oven-dry curing resulted in strengths of 27.3 MPa 
and 31.7 MPa, respectively, as illustrated in Figure 11. The 
enhanced performance of the ternary system can be attributed 
to the complementary reactivity of fly ash and GGBFS in 
the presence of CCR. GGBFS reacts rapidly, while fly ash 
participates more gradually through its interaction with the 
Ca(OH)2 supplied by the CCR, thus leading to the continuous 
formation of C-A-S-H gels. This synergistic reaction promotes 
a dense and stable microstructure that minimizes excessive 
porosity and microcracking (Du & Yang, 2021) (Makaratat 

et al., 2010, 2011). However, higher CCR dosages reduced 
workability, which necessitated additional water; this likely 
contributed to the observed reduction in compressive strength 
at elevated CCR contents (Namarak et al., 2017).

The mortar specimens were investigated using the optimal 
compositions identified from the paste studies for fly ash-CCR 
and GGBFS-CCR systems under ambient curing conditions to 
assess their practical applicability. As the combined fly ash-
GGBFS system with varying CCR dosages exhibited superior 
performance at the paste level, all the corresponding mix 
proportions were further examined in the mortar specimens to 
better understand the reaction mechanisms among the fly ash, 
GGBFS, and CCR.

Fig. 11 Compressive strength of fly ash-GGBFS pastes with a CCR replacement at ambient and oven dry curing, respectively

3.5 Compressive strength of fly ash-GGBFS mortar 
with CCR

The mortar specimens prepared with fly ash and 7.5% 
CCR exhibited negligible compressive strength, which 
indicated insufficient geopolymerization when activated 
with NaOH under ambient curing conditions. In contrast, the 
combination of GGBFS with 2.5% CCR (Mor2) achieved 
compressive strengths of 6.8 MPa and 17.6 MPa at 7 and 28 
days, respectively. For the ternary system, fly ash and GGBFS 
were used in equal proportions as the precursor material, with 
CCR incorporated at dosages ranging from 0% to 10% in 
increments of 2.5%. These mortar specimens, designated as 
Mor3 to Mor7, were activated using NaOH and cured under 
ambient conditions.

Fig. 12 Compressive strength of fly ash-GGBFS Mortar with CCR 
at ambient curing
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Name of Mix Compressive Strength at 
7 days (MPa)

Compressive 
Strength at 28 days 

(MPa)

Mor0 0 2.8

Mor1 6.8 17.8

Mor2 16.8 19.8

Mor3 17.2 23.6

Mor4 17.1 20

Mor5 14 18.1

Mor6 12.2 16.4

Mor7 12 14.8

Tab. 2 Compressive strength of geopolymer mortar

As observed from the mortar test results, a CCR dosage of 
2.5% yielded the highest compressive strength for the fly ash-
GGBFS combination. Table 2 summarizes the compressive 
strength values of the mortar specimens after 7 and 28 days 
of ambient curing, along with the corresponding standard 
deviations for each mix. Figure 12 illustrates the development 
of the compressive strength of the mortar specimens. As evident 
from Figure 12, the fly ash-GGBFS system incorporating 2.5% 
CCR achieved compressive strengths of 17.9 MPa and 23.6 
MPa at 7 and 28 days of ambient curing, respectively.

3.6 Social aspect on part of activation using industrial 
waste

The potential for improving the public health, generating 
economic possibilities, and enhancing environmental 
sustainability are the main social implications of using 
industrial waste in concrete. Reusing CCR lessens the 
environmental hazards connected to its disposal in a landfill, 
which can contaminate air and groundwater. This promotes 
a cleaner and healthier environment for nearby communities 
and is consistent with the ideas of the circular economy. 
Furthermore, encouraging the efficient use of CCR can 
spur changes in legislation and educational programs that 
increase public knowledge of sustainable waste management. 
Promoting community involvement in CCR repurposing 
enhances the socioeconomic advantages of turning industrial 
waste into useful resources and promotes ethical industrial 
operations.

3.6.1 Environmental Sustainability

The environmental sustainability of using CCR is primarily 
evaluated based on its impact on resource conservation, 
waste management, and the reduction of CO2 emissions. 
The environmental footprint of CCR can be significantly 
minimized through its integration into industrial processes, 
soil stabilization, and construction materials. One of the key 
sustainability advantages of CCR lies in its potential to reduce 
CO2 emissions. In one-part geopolymer concrete, CCR can 
partially replace commercial alkali activators such as sodium 
silicate, which results in a reduction in the energy consumption 
of manufacturing of approximately 30-40%.

Additionally, CCR plays a crucial role in landfill reduction 
and waste valorization. The reuse of CCR in concrete and soil 
stabilization applications can reduce landfill disposal by up to 
70%, when one considers that global acetylene gas production 
generates an estimated 400,000–500,000 tonnes of CCR 
annually. Owing to its high Ca(OH)2 content, CCR serves as an 
energy-efficient alternative to mined lime, whose production 
typically requires calcination temperatures of 900-1000 °C. 
Furthermore, CCR-based geopolymer concrete can reduce 
water consumption by up to 40% compared to conventional 
OPC-based systems. The utilization of CCR to replace up to 
25% of lime in soil stabilization and approximately 20% of 
alkali activators in geopolymer concrete further decreases 
dependence on virgin raw materials (Intarabut et al., 2024; Liu 
et al., 2024; Mohammed et al., 2023).

3.6.2 Improved Public Health

A major public health benefit of integrating CCR is 
the reduction in air pollution and associated respiratory 
illnesses. Fine particulate matter (PM2.5) emitted from 
cement production has been directly linked to respiratory 
diseases, lung cancer, and cardiovascular disorders, while the 
cement industry contributes approximately 6-8% of global 
CO2 emissions. Studies indicate that workers and nearby 
communities exposed to cement dust over extended periods are 
30-50% more likely to develop chronic respiratory conditions.
In contrast, substituting 10-20% of cement with CCR can
reduce CO2 emissions and particulate matter by up to 18%,
thereby improving air quality and lowering the incidence of
respiratory diseases (Nattapong Makaratat et al., 2018).

The use of CCR also mitigates occupational health risks 
in the mining and cement industries. Prolonged exposure to 
cement dust is associated with skin disorders, lung infections, 
and silicosis, which affect approximately 15-30% of exposed 
workers. Furthermore, around 12% of global mining fatalities 
due to occupational lung diseases are attributed to raw lime 
mining. Replacing mined lime with CCR in soil stabilization 
and alkali-activated materials significantly reduces workers’ 
exposure to harmful dust, thereby resulting in safer working 
conditions. Beyond health benefits, the transition toward 
sustainable CCR utilization supports the creation of green 
jobs in waste processing, soil stabilization, and geopolymer 
production, which contributes to improved economic 
opportunities, reduced illness rates, and enhanced living 
standards in communities adopting sustainable construction 
practices (Endait & Sambre, 2024; Gupta, 2025).

3.6.3 Cost Effectiveness

A Cost reduction in the cement and construction sectors 
represents one of the principal advantages of incorporating CCR. 
OPC costs approximately USD 100-120 per tonne worldwide, 
which makes cement-intensive construction economically 
demanding. Studies indicate that replacing 10-20% of OPC 
with CCR can reduce material costs by approximately 8-15% 
per cubic metre of concrete. Furthermore, CCR-based alkali 
activation can lower activator costs in geopolymer concrete 
by 20–30%, thereby improving overall economic feasibility. 
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Beyond direct material savings, CCR promotes waste 
valorization and industrial synergy. Global acetylene gas 
production generates an estimated 400,000-500,000 tonnes of 
CCR annually, with landfill disposal costs ranging from USD 
20 to 50 per tonne, which results in an annual financial burden of 
USD 10-25 million. Utilizing CCR in chemical, construction, 
and soil stabilization applications eliminates these disposal 
costs and transforms the material from a waste product into 
a value-generating resource. This circular economy approach 
not only reduces landfill pressure but also creates additional 
revenue streams.

CCR-based geopolymer concrete and sustainable cement 
alternatives are increasingly in demand as countries such as 
China, India, and members of the European Union adopt low-
carbon construction practices. Industries leveraging CCR for 
green construction can therefore access expanding international 
markets for alkali-activated binders and sustainable building 
materials. Additional economic benefits arise from energy 
savings and improved production efficiency. Conventional 
cement manufacturing requires approximately 3,300-4,200 MJ 
of energy per tonne, which contribute significantly to operating 
costs. Partial replacement of cement or sodium silicate with 
CCR in geopolymer systems can reduce energy consumption 
by 15-25% per unit of material produced (Rodygin et al.,). 
Table 3 summarizes the carbon dioxide emissions associated 
with the materials consumed in 1m3.

Tab. 3 CO2 emission factors of the raw materials used in the present 
study

Name of Material Emissions 
(kgCO2.eq/ kg) References

Fly ash 0.01 - 0.03
(O’Brien et al., 2009; U.S. 

Environmental 
Protection Agency, 2015)

Calcium Carbide 3.6 (U.S. Environmental 
Protection Agency, 1975)

CCR 0.0035 (Julphunthong et al., 2024)

GGBFS 0.30 (Flower & Sanjayan, 2007)

NaOH 1.6 (Rincón et al., 2023)

Water 0.0009 (B. Li et al., 2023; 
Sulbarán et al., 2024)

3.7 Microstructure Analysis

3.7.1 Scanning Electron Microscope (SEM) 

The FE-SEM images reveal the presence of partially 
unreacted fly ash particles, which explains the relatively low 
strength of fly ash-based systems and highlights the critical 
effect of curing conditions on geopolymerization, as shown 
in Figure 13. For samples activated with 7.5% CCR and 4% 
NaOH, a limited reaction of fly ash particles was observed 
at the periphery of the CCR grains, while several fly ash 
particles remained unreacted, thereby indicating incomplete 
geopolymerization.

Figure 13 also presents FE-SEM images of GGBFS-based 
pastes incorporating 2.5% CCR, which exhibit a dense and 
compact microstructure composed of highly reactive GGBFS 

and CCR particles. Angular and needle-like morphologies, 
which can be attributed to ettringite formation from GGBFS, 
are clearly visible. The presence of densely packed C-S-H 
gels accounts for the enhanced strength development. In 
addition, irregular hexagonal plate-like structures surrounded 
by coagulated products were observed and identified as 
stratlingite in the GGBFS-CCR geopolymer matrix.

The ternary fly ash-GGBFS-CCR system (50:50 fly 
ash-GGBFS with 2.5% CCR) shows a notably denser 
microstructure; this indicates synergistic interactions among 
the precursors when activated with NaOH. The micrographs 
display spherical cenospheres characteristic of fly ash, rod-
like tubular ettringite structures originating from GGBFS, 
and angular CCR particles, which confirms an active reaction 
among all the constituents. Minor microcracks were also 
observed, which are likely due to shrinkage effects (Buchwald 
et al., 2009; Yang et al., 2012). These microstructural 
observations are consistent with the corresponding XRD 
results for all the paste systems.

3.7.2 X-ray Diffraction (XRD)

Figure 13 presents the XRD patterns of fly ash, GGBFS, 
and the combined fly ash-GGBFS systems activated with 
NaOH in the presence of CCR. The lower pattern corresponds 
to the fly ash-CCR geopolymer paste; the intermediate pattern 
represents the GGBFS-based system; and the upper pattern 
denotes the ternary fly ash-GGBFS-CCR system.

For the fly ash-based geopolymer pastes, a broad diffuse 
hump between 16° and 40° indicates the presence of an 
amorphous aluminosilicate phase, which reflects enhanced 
pozzolanic reactivity. The presence of the CCR is confirmed 
by peaks associated with Ca(OH)2; this demonstrates its role as 
a source of alkalinity and calcium during geopolymerization. 
A prominent peak at approximately 26°-27° corresponds to the 
formation of amorphous C-A-S-H gel, thus indicating active 
interaction among the fly ash, CCR, and NaOH upon hydration 
(Wang et al., 2022). 

The GGBFS-based geopolymer exhibits broad intensity 
peaks in the range of 21°-37°, which is characteristic of 
C-S-H gel formation, which is primarily responsible for 
the development of strength. The peaks associated with 
hydrotalcite are attributed to the presence of Ca(OH)2 from 
the CCR. At higher CCR contents, the observed reduction 
in strength suggests phase transformations and possible 
volumetric instability within the GGBFS matrix, which is 
consistent with previous findings (W. Li & Yi, 2020).

For the fly ash-GGBFS-CCR system, the broad diffraction 
humps between 27° and 35° indicate the formation of a dense 
and continuous reaction matrix. Peaks near 27° confirm the 
presence of C-S-H gel, while minor SiO2 peaks reflect the 
prolonged participation of fly ash in the geopolymerization 
process. Additional peaks at approximately 13°, 22°, 40°, 
and 46° correspond to ettringite, which corroborates the FE-
SEM observations. The persistence of Ca(OH)2 related peaks 
suggests that geopolymerization and hydration reactions 
remain ongoing, which may contribute to further strength 
development at extended curing ages.
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Fig. 13 Characterization of the geopolymer paste

The CCR, when used in combination with the fly ash and 
GGBFS, plays a critical role in facilitating effective one-
part alkali activation using NaOH as the sole activator. This 
approach enables the replacement of sodium silicate, which 
results in a more economical and user-friendly geopolymer 
system. Moreover, the utilization of CCR contributes to 
environmental sustainability by reducing landfill disposal of 
industrial waste and lowering the overall carbon footprint, 
thereby supporting the development of greener construction 
materials.

4  CONCLUSIONS

The following conclusions can be drawn from the studies:

• The fly ash-CCR systems activated solely with NaOH
exhibited limited geopolymerization; they achieved
maximum 28-day compressive strengths of 7.8 MPa
(ambient curing) and 9.1 MPa (oven curing), which
indicates the need for additional reactive calcium or
aluminosilicate phases.

• The GGBFS-CCR systems demonstrated effective one-
part alkali activation with NaOH; they achieved optimal
performance at 2.5-5% CCR, with 28-day compressive
strengths reaching up to 32.7 MPa under oven curing.

• The ternary fly ash-GGBFS-CCR system showed the
highest overall performance; it achieved up to 34.1 MPa
at 28 days, due to the synergistic interaction between
the rapidly reacting GGBFS and the slower pozzolanic
contribution of the fly ash supported by calcium from the
CCR.

• The microstructural (SEM and XRD) analyses confirmed
that the strength development was governed by the
formation of dense C-S-H and C-A-S-H gels, while the
incomplete reaction of the fly ash in the binary systems
explained their comparatively lower strength.

• The optimal CCR contents were identified as 2.5% for
the paste specimens and 5% for the mortar specimens,
beyond which excess calcium reduced their workability
and adversely affected then strength, particularly in
GGBFS-rich systems.
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• Overall, the CCR enables an economical and
environmentally sustainable one-part geopolymer
system by replacing sodium silicate, reducing industrial
waste disposal and carbon emissions, and delivering a
performance comparable to GGBFS-only binders at a
lower material cost.

This study is limited to paste and mortar-scale
investigations under controlled laboratory conditions, and 
the performance of CCR-based one-part geopolymers was 
primarily evaluated in terms of compressive strength and 
microstructural characteristics. Future research should focus 
on extending the investigation to concrete-scale applications, 
including workability, durability, and long-term mechanical 
behaviour under aggressive environmental conditions. The 
incorporation of CCR-based one-part geopolymer systems 
in structural and pavement applications can further validate 
their suitability as low-carbon alternatives to conventional 
cementitious materials.
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